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Abstract

Elastic fibres are critical components of the extracellular matrix in dynamic biological structures that undergo
extension and recoil. Their presence has been demonstrated in the anulus fibrosus of the human lumbar inter-
vertebral disc; however, a detailed regional analysis of their density and arrangement has not been undertaken,
limiting our understanding of their structural and functional roles. In this investigation we have quantitatively
described regional variations in elastic fibre density in the anulus fibrosus of the human L3-L4 intervertebral
disc using histochemistry and light microscopy. Additionally, a multiplanar comparison of patterns of elastic fibre
distribution in the intralamellar and interlamellar zones was undertaken. Novel imaging techniques were developed
to facilitate the visualization of elastic fibres otherwise masked by dense surrounding matrix. Elastic fibre density
was found to be significantly higher in the lamellae of the posterolateral region of the anulus than the anterolateral,
and significantly higher in the outer regions than the inner, suggesting that elastic fibre density in each region of
the anulus is commensurate with the magnitude of the tensile deformations experienced in bending and torsion.
Elastic fibre arrangments in intralamellar and interlamellar zones were shown to be architecturally distinct, sug-

gesting that they perform multiple functional roles within the anulus matrix structural hierarchy.
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Introduction

The intervertebral disc is composed of three distinct
structures: the central, amorphous, highly hydrated,
proteoglycan-rich nucleus pulposus; peripherally, the
anulus fibrosus; and superiorly and inferiorly, two
endplates of hyaline cartilage (Eyre, 1979; Humzah &
Soames, 1988). The anulus fibrosus, composed prima-
rily of interstitial collagens type | and I, has a complex
hierarchical structure. Collagen fibres are arranged
in bundles, in the inner regions travelling between the
endplates and in the outer regions directly between
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the vertebral bodies, arranged at alternating angles of
plus and minus ~30° to the transverse plane, in roughly
concentric lamellae around the nucleus pulposus
(Marchand & Ahmed, 1990). Spaces between lamellae
contain an amorphous proteoglycan-rich gel (Szirmai,
1970).

The mechanical function of the anulus fibrosus is
two-fold: to provide mobility to the spine by facilitat-
ing flexion, extension, lateral bending and twisting;
and to resist the radial forces generated by the bulging
of the nucleus pulposus under compressive loads
(Langrana et al. 1996). Mobility is facilitated through
the extension and reorientation of matrix elements
(Hickey & Hukins, 1980). The stresses and strains ex-
perienced by the anulus are heterogeneous and aniso-
tropic, and variations in the mechanical properties,
structure and chemistry of the extracellular matrix
reflect this (Eyre, 1979; Cassidy et al. 1989; Ebara et al.
1996; Fujita et al. 1997, 2000; Elliott & Setton, 2001).
Variations in collagen and proteogylcan distribution
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are widely documented (Bushell et al. 1977; Eyre, 1979;
Oegema, 1993; Skaggs et al. 1994); however, similar
attention has not been afforded to elastic fibres.

Elastic fibres have been shown to be critical com-
ponents of many dynamic biological tissues, including
lungs, skin, vasculature and many others (Kielty et al.
2002). They influence mechanical properties such as
resilience and low strain stiffness, complementing the
role of collagen fibres, which impart tensile strength
(Karlinsky et al. 1976; Oakes & Bialkower, 1977; Oxlund
& Andreassen, 1980; Oxlund et al. 1988; Lee et al. 2001).
The chemistry and ultrastructure of elastic fibres are
highly tissue-specific. They commonly consist of a core
of highly extensible elastin embedded on a scaffold of
stiffer, reinforcing microfibrillar glycoproteins con-
sisting primarily of fibrillins (Kielty et al. 2002; Sheratt
et al. 2003). They may also exist with a smaller elastin
component (elaunin fibres), or purely as bundles of
microfibrils (oxytalan fibres), each of these having
distinct functional properties (Barros et al. 2002).
Several proteoglycans, including decorin, biglycan and
versican, are considered to play critical roles in the
integration of elastic microfibrils into the surrounding
matrix (Kielty et al. 2002). The precise mechanical role
of elastic fibres is considered to be a function of their
chemistry, ultrastructure, arrangement and collective
density relative to other matrix consituents (Ritty et al.
2002).

The distribution of elastic fibres in the human anulus
fibrosus has been examined in a number of qualitita-
tive histological studies, at both the light microscopical
and the ultrastructural levels (Buckwalter et al. 1976;
Hickey & Hukins, 1981; Johnson et al. 1982, 1985; Akhtar
et al. 2005a,b; Yu et al. 2005) and it has been suggested
that they may play an important mechanical role
(Humzah & Soames, 1988). They appear to have multi-
ple distinct patterns of distribution: in intralamellar
regions they are aligned parallel to the collagen fibril
bundles (Buckwalter et al. 1976; Yu et al. 2005); in inter-
lamellar regions their arrangement appears less isotropic
(Yu et al. 2005). A recent study has demonstrated that
structural cohesion between the collagen bundles in
adjacent lamellae is provided by complex linking
elements. The authors of this study theorized that these
structures may contain elastic fibres, but were unable to
differentiate between elastic and collagenous elements
(Pezowicz et al. 2006). Greater understanding of both
the arrangement of elastic fibres in the anulus and their
density relative to other matrix consituents would pro-

vide new insights both into their functional roles in the
mechanics of healthy discs, and into their roles in the
structural changes associated with degenerative disc
disease, as the loss of resilience and elasticity provided
by elastic fibres is a major contributing factor in tissue
ageing and degradation (Kielty et al. 2002).

Our objectives in this investigation were to perform
a quantitative histological analysis of regional variations
in elastic fibre density in the anulus, and to conduct a
multiplanar comparison of patterns of elastic fibre dis-
tribution in the intralamellar and interlamellar zones.

Materials and methods
Specimen preparation

Seven human lumbar spines from individuals ranging
in age from 16 to 82 years were harvested at autopsy
within 24 h of death from the mortuary at the Royal
Adelaide Hospital, sealed in plastic and frozen at -80 °C.
Prior to disc excision, spines were X-rayed (Faxitron;
Hewlett Packard, Palo Alto, CA, USA) and bone mineral
density measurements for vertebral bodies superior and
inferior to the discs to be analysed were made (QDR-1000;
Hologic, Bedford, MA, USA). Spines were thawed at 4 °C
and cuts were made using a scalpel in the transverse
plane adjacent to the superior and inferior vertebral
bodies and endplates, enabling the removal of com-
plete intervertebral discs. All specimens used in this
study were harvested from the L3-L4 level. The physical
dimensions of each disc were measured using digital
calipers. Discs were hemi-sected mid-sagittally and
morphologically graded for degenerative condition
according to the scheme of Thompson et al. (1990), modi-
fied to account for the differing method of disc excision.
Tissue was kept moist at all times using phosphate-
buffered saline. Specimen details are presented in
Table 1.

Histology

Specimens were fixed in 10% buffered formalin, rou-
tinely processed (Tissue-Tek VIP 5; Sakura Finetek, Tokyo,
Japan) and paraffin embedded. Sections 25-30 um
thick were cut in the transverse and lamellar planes
(Fig. 1) using a sledge microtome (Reichert, Germany)
and mounted on gelatin-coated microscope slides.
Transverse sections were obtained from the mid-
sagittal region of the disc.
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Table 1 Specimen details

Disc height  Disc Superior VB*  Inferior VB

Age Sex (mm) grade  T-score T-score

16 M 12 1 0 0

28 M 9 2 -0.6 -0.8

40 F 13 2 0.3 -0.2

54 M 14 2 -3.6 -3.7

66 M 17 3 -4.7 -53

76 F 8 3 -2.1 2

82 M 10 3 0.4 -0.4

*VB = vertebral body.

Sections were baked, brought to distilled water
through xylene and a graded series of alcohols, oxidized
with 0.5% aqueous potassium permanganate, bleached
with 2% oxalic acid, stained using resorcin-fuchsin
(Miller's modification, Miller, 1971), dehydrated,
cleared in xylene and mounted with DPX. This staining
method was selected due to its ability to demonstrate
the finest of elastic fibres (Caldini et al. 1990). As
negative controls, a subset of sections was incubated in
high-purity porcine pancreatic elastase (1 U mL™" in
200 mm Tris-HCI) (Sigma-Aldrich, St Louis, MO, USA) to
remove elastin selectively (Porter et al. 1977; Caldini
et al. 1990) and stained as above. Unavoidable back-
ground staining enabled elastic fibres to be contextu-
alized with respect to the rest of the extracellular
matrix under polarized light.

Sections were viewed using an automated microscope
(DM6000 B; Leica Microsystems, Wetzlar, Germany)
attached to a digital imaging workstation (Q500MC;
Leica Microsystems). The use of z-series composite images
allowed improved visualization of fibres through the
extent of the 30-um section at high magnification
(Smith & Fazzalari, 2005). These were produced by
taking stacks of images at between 0.1- and 0.8-um
intervals at an objective magnification of 100x under
phase contrast through the extent of the section thick-
ness (QWin; Leica Microsystems), then merging them to
produce a single z-projected image (ImageJ; National
Institutes of Health, Bethesda, MD, USA). Binarizing
and processing such images (Matlab; Mathworks,
Natick, MA, USA) both facilitated the production of
three-dimensional reconstructions of elastic fibre organ-
ization, and the overlay of polarized light images with
elastic fibres, enabling close examination of elastic fibre
and collagen fibril co-distribution.
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Fig. 1 Schematic representation of the intervertebral disc
illustrating section orientations and sampling zones (radial:
inner, middle, outer; circumferential: anterolateral,
posterolateral).

Quantitation

Quantitation was limited to intralamellar zones of the
anulus, as elastic fibre distribution was observed to
be more isotropic here than in interlamellar zones.
Additionally, quantitation was performed exclusively
on transverse sections as this planar orientation most
easily facilitated the regional analysis. Elastic fibres
were quantified as the mean number intercepted by
the lines of a 6 x 6 grid, normalized as the number of
elastic fibres per 100 um. To compare regional varia-
tions in fibre distribution, the mean results from sets of
six fields taken within randomly selected representa-
tive collagen lamellae in the outer, middle and inner
anulus of the anterolateral and posterolateral qua-
drants (a total of six regional zones, illustrated in Fig. 1)
were calculated. Distinct radial locations were defined
according to established differences in collagen lamella
morphology which occur at increasing distances from
the disc periphery (Cassidy et al. 1989; Marchand &
Ahmed, 1990).

Statistical analyses were performed using SPSS
software (SPSS Inc., Chicago, IL, USA). To determine
the dependence of intralamellar elastic fibre density on
circumferential location, paired Student t-tests were
performed comparing overall mean intralamellar elastic
fibre density between anterolateral and posterolateral
quadrants, as well as at each of the three radial loca-
tions (outer, middle and inner). Single-factor analyses
of variance (anovas) were performed to determine if
intralamellar elastic fibre density exhibited any signifi-
cant dependence on radial location (three levels: inner,
middle and outer) at each circumferential location
(anterolateral and posterolateral). Where anovas showed
significant variation, post-hoc pairwise analysis applying
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Bonferroni corrections was undertaken. F-tests were
performed to compare variances. Significance for all
tests was reported at a confidence level of 95%.

Results

Elastic fibre morphology in sections stained with resorcin-
fuchsin compared favourably with that described in the
literature (Yu et al. 2002, 2005). No fibres were observed
in negative controls. Although elastic fibres could be
observed under bright-field illumination, under phase
contrast their visual clarity was enhanced.

In lamellar and transverse plane sections elastic fibres
in intralamellar zones were observed aligned parallel
to the collagen fibres (i.e. at angles of approximately
30° to the transverse plane). In interlamellar zones their
architecture was more complex and highly anisotropic.

Fig. 2 Intralamellar elastic fibres and
the surrounding matrix architecture of
the outer anulus viewed in the lamellar
plane. (a) Polarized light image
depicting collagen fibril bundles (CB) in
the outer anulus of a 40-year-old disc
running at 30° to the transverse plane.
(b) High-magnification, phase-contrast,
z-series composite image in the region
of image (a) indicated by the square,
showing elastic fibres (examples
indicated by arrows) running parallel
to the collagen fibril bundles.

(c) Binarized reconstruction of (b).

(d) Elastic fibres in (c) are superimposed
over a high-magnification,
polarized-light view of the same
region showing elastic fibre
distribution relative to the collagen
microarchitecture, including planar
crimp.

Fig. 3 Phase-contrast z-series composite
images in the transverse plane depicting
intralamellar elastic fibres in the
posterolateral anulus of a 28-year-old
disc. (a) Fibres in the outer anulus are
numerous, parallel and tightly bound by
the surrounding matrix. (b) Fibres in the
inner anulus are fewer in number and
more loosely aligned. Examples of
elastic fibres are indicated by arrows in
both images.

By combining high-magnification polarized light and
binarized phase contrast images, we were able to
compare the arrangement of elastic fibres with the
microarchitecture of the surrounding collagen matrix.
Figure 2 shows the intralamellar zone of the outer anu-
lus in the lamellar plane. Elastic fibres are not confined
to the periphery of the collagen bundles, and appear to
conform to the planar crimped pattern of the collagen
fibrils. Similar zones viewed in the transverse plane
(Fig. 3) illustrate that in the outer anulus, elastic fibres
are straight and tightly packed within the surrounding
matrix, and in the inner regions they are more loosely
arranged. Figures 4 and 5 depict interlamellar zones
orientated in the lamellar and transverse planes,
respectively. Elastic fibres here form a complex inter-
woven mesh branching out from the collagen bundles
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Fig. 4 Interlamellar elastic fibresand the
surrounding matrix architecture viewed
in the lamellar plane. (a) Polarized light
image depicting an oblique cut through
the interlamellar space (ILS) separating
two consecutive collagen bundle
lamellae (CB). (b) High-magnification,
phase-contrast, z-series composite
image in the region of image (a)
indicated by the square, showing a
complex meshwork of elastic fibres in
the interlamellar space (examples
indicated by arrows). (c) Binarized
reconstruction of (b). (d) Elastic

fibres in (c) are superimposed over a
high-magnification, polarized-light
view of the same region.

Fig. 5 Interlamellar elastic fibres and
the surrounding matrix architecture
viewed in the transverse plane.

(a) Polarized light image depicting two
collagen bundle lamellae (CB) separated
by an interlamellar space (ILS).

(b) High-magnification, phase-contrast,
z-series composite image in the region
of image (a) indicated by the square,
showing a complex meshwork of elastic
fibres (examples indicated by arrows)

in the interlamellar space. (c) Binarized
reconstruction of (b). (d) Elastic

fibres in (c) are superimposed over a
high-magnification, polarized-light view
of the same region showing elastic fibre
distribution relative to the collagen
microarchitecture. The circles indicate
fibre 'kinks’ at the points of anchorage
into the collagen bundles.

in the adjacent lamellae. Within these meshworks
combinations of both large and very fine fibres were
observed. An interesting observation was made in that
a number of fibres were seen to ‘kink’ at their point of exit
from the collagen bundle into the interlamellar space.
This characteristic is illustrated by the circles in Fig. 5(d).

The images in Fig. 3 are representative of those used
for the quantitative analysis. Individual results for each
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specimen are given in Table 2. Overall intralamellar

elastic fibre density was significantly greater in the
posterolateral region of the anulus than the anterolateral
(AL=6+2, PL=12+4, P=0.002, mean +SD). Addi-
tionally, it was found that this circumferential variation
was independent of radial location (Outer: AL=9 + 3,
PL=17+6, P=0.001; Middle: AL=6+2, PL=12+6,
P=0.02;Inner: AL=4+2,PL=6+ 3, P=0.007) (Fig. 6).
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Table 2 Intralamellar elastic fibre

Age AL* Outer AL Middle ALInner PL* Quter PLMiddle PLInner Overall density — fibres per 100 um
(mean £SD, n > 6)

16 7+3 4+1 2+1 15+£3 7+4 4+1

28 13+£5 8+2 + 22+8 1712 5+3 10+8

40 10+£2 8+ 6+2 21+7 209 10+2 12+8

54 11£2 7%2 412 21+4 15£3 64 1M1+7

66 8+4 6+3 4+2 8+5 9+4 4+2 +4

76 10+£2 4+2 7+1 22+7 15+4 9+3 117

82 3+2 4+1 3+1 12+6 2+1 4+2 5+5

*AL = anterolateral, PL = posterolateral.

Intralamellar elastic fibre density —
variation with radial and circumferential location

O Anterolateral B Posterolateral

25

” [
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Middle*
Radial location

Inner*# Outer*# Overall*

* ol

difference and
# significant difference between inner and outer

Fig. 6 Variations in intralamellar elastic fibre density with
radial and circumferential location (mean £SD, n = 7).
Significance was detected between anterolateral and
posterolateral (inner: P = 0.02, middle: P = 0.007, outer:

P =0.001, overall: P=0.002), and between inner and outer
(anterolateral: P = 0.005, posterolateral: P = 0.002).

An F-test revealed that elastic fibre density variance
was significantly greater within the posterolateral region
than the anterolateral (P = 0.0003).

Single factor analyses of variance demonstrated that
significant variations in intralamellar elastic fibre den-
sity occurred with radial location in both anterolateral
(P =0.006) and posterolateral (P = 0.002) regions (Fig. 6).
Pairwise Bonferroni-corrected P-values indicated that
in both circumferential regions, the lamellae of the outer
anulus had a significantly higher elastic fibre density
than the lamellae of the inner anulus (AL: P = 0.005;
PL: P = 0.002). No significant differences were detected
between outer and middle (AL: P=0.09; PL: P=0.2),
and middle and inner regions (AL: P = 0.6; PL: P=0.1).

Owing to the small sample size, variations in elastic
fibre density with age were not validated statistically,
but a number of observations were made: an increasing

trend between the ages of 16 and 40 was observed, fol-
lowed by a marked decrease, with the exception of the
76-year-old, which had an overall fibre density higher
than both the 60- and 82-year-olds.

Discussion

In this study, we have presented a quantitative descrip-
tion of the distribution of elastic fibres in the lamellae
of each region in the human lumbar anulus fibrosus,
and a multiplanar comparison of elastic fibre distribu-
tion patterns in the intralamellar and interlamellar
zones. The unique methodology developed in this study
allowed visualization of elastic fibres in the anulus at a
level of detail not previously achieved.

Our study had several limitations: no assessment was
made of the effect of distance from the endplates/
vertebral bodies on elastic fibre density, although
every effort was made to ensure sections were taken
close to the mid-plane of the disc; aqueous fixation
may have resulted in some distortion of lamellae, par-
ticularly in the inner anulus where glycosaminoglycan
content is higher; and the effects of freezing and fixation
on aspects of tissue morphology such as collagen fibril
arrangement, and, consequently, elastic fibre arrange-
ment, were not assessed, although the results of a
previous study (Hickey & Hukins, 1979) suggest that
such effects would be unlikely to influence our results
significantly. Despite the robust imaging and quantita-
tion methodology used, occasional heavy background
staining may have resulted in some fine elastic fibres
being obscured. A positive side-effect of this back-
ground staining, however, was that it enabled elastic
fibres to be contextualized with respect to the rest of
the extracellular matrix without the need for specific
counterstaining.

A comparison of elastic fibre distribution patterns in
intralamellar and interlamellar zones performed at
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high magnification in the lamellar and transverse planes
revealed distinct differences which suggest that elastic
fibres have different mechanical roles at multiple levels
of the anulus structural hierarchy. Within lamellae elastic
fibres were observed to be closely associated with the
surrounding collagen matrix, corresponding well to
previous observations in the transverse and sagittal
planes (Buckwalter et al. 1976; Johnson et al. 1984; Yu
et al. 2002, 2005). Additionally, fibres appeared not to
be confined to the collagen bundle peripheries. Planar
crimping of fibrous collagen, as has been well docu-
mented (Cassidy et al. 1989), was clearly observed,
particularly in lamellar plane sections. Elastic fibres
appeared to conform to the crimp pattern of the sur-
rounding collagen (Fig. 2), which suggests that they are
not responsible for physically maintaining collagen
crimp. Their close association, however, does suggest
that the overall mechanical response of the matrix is a
product of their mutual interaction, in addition to the
interactions which may occur with proteoglycans.
Ininterlamellar zones, elastic fibres appeared in com-
plex three-dimensional meshworks, which branched
out from the adjacent collagen bundles into the inter-
lamellar spaces. Combinations of both very large and
very fine fibres were observed in these meshworks,
suggesting the presence of all three elastic fibre types
(mature, elaunin and oxytalan). Our results suggest
that the complex linkages previously observed between
collagen bundles in adjacent lamellae (Pezowicz et al.
2006) are indeed, at least partially, composed of elastic
fibres. A number of fibres were seen to ‘kink’ at their
point of exit from the collagen bundle into the inter-
lamellar space, suggesting that the collagen bundles on
either side of the interlamellar space into which the ends
of elastic fibres are anchored have undergone relative
movement, providing further evidence that these
fibres function as mechancial links between lamellae.
Our quantitative analysis revealed intralamellar elastic
fibre density to be significantly higher in the postero-
lateral region of the anulus than the anterolateral, and
significantly higher in the outer regions of the anulus
than the inner. To gain insights into why these differ-
ences in matrix composition may exist, we can consider
the types of strains to which lamellae in different
regions of the anulus are exposed during normal daily
activity. During flexion, the posterior regions of the L3-
L4 anulus experience positive axial strains of up to 60%,
in contrast to the anterior regions, which experience
just 3% in extension (Pearcy & Tibrewal, 1984). Addi-
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tionally, in torsion, surface strains in the collagen fibre
bundles of the posterolateral region exceed those in
the anterior region by a factor of two to one (Stokes,
1987). Associated strains under the above loading con-
ditions are greater in the collagen fibre bundles of the
outer lamellae due to their relative distances from the
axes of movement. We can hence hypothesize that
elastic fibre density is positively correlated with the
magnitudes of the tensile deformations experienced
by different regions of the anulus under these loading
conditions. An analysis of elastic fibre distribution in
the flexor tendon, a comparable tissue, has suggested a
similar correlation between elastic fibre distribution
and strain magnitude (Ritty et al. 2002).

Although there are currently no experimental bio-
mechanical data describing the functional roles played
by elastic fibres in the mechanics of the intervertebral
disc, their role has been described in a number of other
comparable tissues (Karlinsky etal. 1976; Oakes &
Bialkower, 1977; Oxlund et al. 1988; Brown et al. 1994;
Lee et al. 2001). From the results of these studies we
hypothesize that a primary function of elastic fibres in
the anulus would be to facilitate the reversible disten-
tion of the collagen matrix in the locations they have
been observed, i.e. both in the intralamellar zones
between fibrils and bundles, and at interlamellar zones
by connecting bundles in adjacent lamellae. We also
hypothesize that elastic fibres may provide additional
stiffness to the matrix at small stresses and strains, but
that they would be unlikely to influence overall mech-
anical strength. These hypotheses could be tested in
future biomechanical investigations.

The small number of specimens did not permit a sta-
tistically valid analysis to be conducted into elastic fibre
density variation with age. Indeed, the large sample
size that would be required for such a study and the
time-consuming nature of the analyticial methodology
used here placed it outside the scope of this project.
However, a number of observations were made from
the values presented in Table 2. Our results show an
increasing trend between the ages of 16 and 40, fol-
lowed by a marked decrease, with the exception of the
76-year-old, which had an overall fibre density higher
than both the 60- and the 82-year-olds. A comparison
of disc dimensions, disc morphological grades and
vertebral body bone mineral densities for the 60-, 76-
and 82-year-old specimens (Table 1) revealed that
although all were assigned a grade of 3, the 76-year-old
specimen had reduced height, as well as a significant
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mismatch in bone mineral densities (T-scores) between
the superior (L3) and inferior (L4) vertebral bodies.
These factors could reasonably be expected to result in
altered mechanical behaviour for this disc and, hence,
matrix composition. Additionally, of these three the
76-year-old was the only female. If this specimen is
excluded for the reasons described, our results appear
broadly consistent with existing biochemical data show-
ing that the elastin content of the anulus increases
from birth until the age of 40, then steadily decreases
(Olczyk, 1994). They are given added significance given
recent findings that the tensile deformability of human
lumbar discs peaks between the ages of 31 and 40, and
subsequently decreases (Kurutz, 2006). Further work is
required to confirm this apparent correlation.

In light of our findings, any decrease in elastic fibre
density with age (Johnson et al. 1985; Olczyk, 1994) or
pathology is of potential clinical significance, particu-
larly with respect to those regions of the anulus subjected
to the highest and most frequent deformations such as
the posterior and posterolateral, which are also the
most frequent sites for degenerative changes such as
radiating tears (Vernon-Roberts et al. 1997). Addition-
ally, weakening of those elastic fibres which bridge
the interlamellar spaces could make the anulus more
susceptible to delamination and the formation of cir-
cumferential lesions. Our findings also have important
implications for the theoretical modelling of anulus
fibrosus mechanics and may assist the development of
accurate synthetic and biological tissue-engineered
intervertebral disc replacements.
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